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Abstract
We describethemethodologyandcurrentfeaturesfor ML2000, a new-generationdesignof ML. ML2000 adds

anumberof featuresto StandardML andCaml,providing bettersupportfor extensibilityandcodereuse,while also
fixing latentproblems.Althoughnoneof thefeaturesis particularlynovel onits own, thecombinationof featuresand
designmethodologyare.

1 Intr oduction

In 1992,an ad hoc groupof researchersstartedto investigatewaysto improve the two main dialectsof ML, Stan-
dardML (SML) [33] andCaml[9]. ML alreadyprovidesa strongbasisfor developingprogramsin thesmallandin
the large: higher-orderfunctions,references,datatypesandpolymorphismareusefulfor programmingin thesmall,
andfirst-ordermoduleswith separatenotionsof interfacesandimplementationsareusefulfor programmingin the
large.No languageis perfect,though:anumberof new implementationtechniquesandadvancesin programminglan-
guagedesignhadbeenmadesincethedevelopmentof free-standingML implementationsin theearly1980s.In order
to take advantageof theseadvances,thegroupdecidedto begin a cleandesign,not necessarilyupwardly compatible
with any ML dialectbut remainingtrueto thespirit of ML.

It is now 1999andtime for a statusreport. This papergivesa snapshotof thedesignof ML2000 aswell asthe
principlesusedin arriving at thedesign.Partof thepurposehereis to consolidatedecisionsandgetfeedbackfrom the
community;therationaleandprinciplesfor thedesignmayalsobeusefulin othercontexts.

This paperis not thefirst to discusslanguagefeaturesin ML2000. Many possibledesignalternativeshave been
exploredelsewhereby variousmembersof the group,e.g.,higher-ordermodules[20, 25, 26, 30], classesandob-
jects[14, 15, 43, 44], andtype-theoreticfoundations[10, 22, 45]. The1997revision of SML [34] is oneof themore
visible outgrowthsof thediscussions.Simplificationsandimprovementsmadein this revision, includingtypeabbre-
viationsin signatures,valuepolymorphism,lack of structuresharing,restrictionsto local datatypedeclarations,and
others,areapartof ML2000.

The main goal of ML2000 is to bettersupportprogrammingin the large, and in particular, to make systems
easierto extend,maintain,andmodify. To achieve this goal,ML2000 enhancesML with supportfor object-oriented
programming,subtyping,and higher-order modules. ML2000 also addsconcurrency mechanismsto ML, which
facilitatessomeprogrammingparadigmsandmakesparallel implementationsof the languageeasier. A numberof
other smallerfeaturesare also included: enhancementsto polymorphismand type inference,changesin equality
amongdatatypes,andsupportfor hierarchicalexceptions.Section3 describesthenew featuresof ML2000.

Thedesignof ML2000is, however, incomplete,andthegroupis still consideringalternativesfor somepartsof the
language.Thediscussionin Sections3 and4 includedescriptionsof someof themainquestions,togetherwith some
possibleanswers.For instance,althoughmuchof thebasicdesignof objectsandclasseshave beensettled(e.g.,that
classesaresecond-classentitiesseparatefrom modules,providing for objectconstructionandsomesortof visibility
control) the specificshasnot beenfinalized. The ongoingdevelopmentof theclasssystemsin MOBY [14, 15] and
ObjectiveCaml[39] providepossibleapproaches.
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2 Methodology

In buildinganew generalpurposelanguage,thedesignmethodologycanbeasimportantasthetechnicaldesignpoints.
Thestartingpoint for ML2000is, of course,ML. ML2000sharessomeof thesamecharacteristicsasML: it is atyped,
call-by-valuelanguagewith polymorphism,higher-order functions,recursive datatypesandpattern-matching,side
effectsin theform of exceptions,input/outputoperations,andmutablereferencecells,andmodules.Themaindesign
principlesof ML—typesasanorganizingprinciple,focuson predictablesemantics,andfoundationsin call-by-value
λ-calculus—carryover to thedesignof ML2000.

Firstandforemost,ML2000is astaticallytypedprogramminglanguage.Everywell-formedexpressionhasatype,
andMilner’s theoremthat“well-typedexpressionsdonotgowrong” musthold. Typeshelptheprogrammer, aidingin
structuringbothlargeandsmallprograms,andprovidealayerof abstractionabovethemachine.Moreover, typeshelp
thecompilerwriter: implementationsof ML2000,unlikeC, canchoosedifferentrepresentationsfor data,evenmixing
differentrepresentationsin a singlecompiledprogram.Thetypesof ML2000arechosenwith orthogonalityin mind:
thereshouldbe at mostoneeasilyprogrammablemeansof codingup an algorithmor datastructurewith the same
level of efficiency. Moreover, thedesignprocessfor ML2000 relieson types: typesprovide a usefulway to classify
andcomparelanguagefeatures.This idea,alsousedin thedesignof ML, goesbackasfarasStrachey’soriginalwork
on denotationalsemantics[46]: the inherenttypestructureof a languagelendsinsight into its design.Otherdesigns
of programminglanguages,e.g.,Haskell [24], alsousetypesto structurethelanguage.

Typesfacilitatea secondprinciple of the designof ML2000, namelypredictabilityof semantics.We intendto
have a formal descriptionof the languagespecifying, in as completea way as possible,the type systemand the
operationalsemanticsof thelanguage.Formaldescriptionshelpto guidethedevelopmentandensuretheconsistency
of independentimplementations;moreover, they giveabasisfor comparingimplementationswhenthey strayfrom the
precisedefinition. Note thathaving a precisedefinitionandpredictablesemanticsis not thesameasa deterministic
semantics;with concurrency thesemanticscanbenon-deterministic,but thesemanticscanstill specifyanallowable
rangeof behaviors.

Thethird maindesignprincipleof ML2000 is the“mostly functional” or “valueoriented”paradigm.In a value-
orientedlanguage,one programswith expressions,not commands.Referencecells, exceptions,and input/output
primitivesarepart of the languagebut usedinfrequently. The experienceof programmingin ML shows that many
algorithmscanbeimplementedalmostasefficiently asin conventional,imperativelanguages,evenwithoutextensive
useof theimperativefeatures.

Two otherdistinguishingfeaturesof ML—type inferenceandthetop-level loop—havelessinfluenceonthedesign
of ML2000,althoughnothingprecludesthem.Therearegoodreasonsfor deemphasizingtypeinferenceandthetop-
level loop, even thoughdoing so might be seenasa radicalbreakwith ML’s roots in interactive theoremproving.
ML2000is meantto beastandalonelanguage,compiledandlinkedvia standardtoolsor asystemliketheCompilation
Manager(CM) of SML of New Jersey [5, 6]. Type inference,asconvenientasit is in ML, is lessimportantin such
a language,and it allows us to considera syntaxwith more type annotations.The inclusion of a top-level loop
is relegatedto the designof programmingenvironments. Also, supportfor a top-level loop biasesthe designand
complicatesfeaturessuchasconcurrentinput/output;the lack of an explicit interactive loop makesbuilding stand-
aloneexecutablesslightly simplerandgivesa morestandardbasisfor programmingenvironments.

In designingfeaturesfor ML2000, we evaluatechoicesbasedon threecriteria [29]: semantics(whatdo thecon-
structsdo?),implementability(cantheconstructsbe translatedto efficient machinecode?),andpragmatics(canthe
constructsexpresscommonandusefulidioms?).Pragmatics,oneof themoredifficult criteriato apply, alsoincludes
issuesof programmingmethodology(e.g.,avoiding constructslike typecase which canbreakdataabstraction).
The criteria are interdependent.For instance,a single-mindedemphasison implementabilitycanforce oneto rule
out constructsthatmake thelanguagesubstantiallymoreusable;to ignoreimplementabilitycanbedisastrousfor the
practicalityof a language.

Onecriterionnot in this list is syntax.In fact,theconcretesyntaxstill hasnot beendesigned;for thepurposesof
discussion,examplesin thispaperuseaSML-stylesyntax.Thesyntax,oncedesigned,shouldbewithoutambiguities
andeasyto parse(preferablyLALR(1), unlike SML [1]). Thedecisionto lay asidesyntacticdiscussionswasmade
early, andwas,in retrospect,oneof themostimportant. This is not to saythat syntaxdoesnot matter, but onecan
still makedecisionsaboutfeatureswithoutconstructingaconcretesyntax.In orderto avoid syntacticdiscussions,and
to focuson thesemanticsof thelanguage,thedesignof ML2000 falls into two parts(andbothpartsuseabstract,not
concrete,syntax). Onepartof thedesign,calledthe “externallanguage,” is the languagethat theprogrammeruses.
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Theexternallanguagemayusetypeinferenceto fill in typesleft outby theprogrammerandmayhaveconstructsthat
caneasilybetranslatedassyntacticsugar. Thesecondpart,calledthe“internal language,” servesto focuson themost
essentialfeaturesof thelanguage.Theinternallanguageis explicitly typed,andall externallanguagefeaturescanbe
translatedinto it. It maybesuitablefor useastheintermediatelanguageof acompiler.

We arealsocommittedto experimentationandworkingwith implementationsasa way to resolveopenquestions.
Many mistakesin languagedesignsaremadein prematureattemptsat standardizationandareonly revealedduring
implementationor useof thelanguage.We hopeto avoid asmany of theseproblemsaspossible.Theongoingwork
on MOBY andObjectiveCamlprovidesgoodopportunitiesfor testingmany of theideasin ML2000.

3 Newfeatures

Mostof thenew featuresof ML2000aredesignedtosupportreuseandtheconstructionof opensystemsthatcanbeeas-
ily adaptedandextended.ML alreadyprovidessupportfor reusein theform of polymorphism,modules(structures),
andparameterizedmodules(functors).ML2000’ssupportfor reuse,in theform of a modulesystem,object-oriented
programming,andsubtyping,significantlyextendsML atboththemoduleandthecorelevels.Theothermainaddition
standardizesa setof concurrency primitives.

3.1 Subtyping and subsumption

While somefeaturescan be addedto ML by extendingthe language,one that cannotis structuralsubtypingand
subsumption.This is a changein theunderlyingtypesystemandnot a modularfeaturethatis orthogonalto theother
extensions.Theprimitiverule for subsumption,namely

C
�

e � s C
�

s<: t
C

�
e � t

implies that subtypingpermeatesthe entire type system: theremust be rules for every primitive type constructor
definingthe<: relation. For instance,therule for subtypingon functiontypeshastheusualcontravariant/covariant
definition.

To make subtypingmoreuseful,a simpledeclarationmechanismcanbeaddedto themodulesystem.We have a
way to declarepartiallyabstracttypesin signaturessimilar to the“REVEAL” keywordof Modula-3[18]:

type t <: T

Any valueof type t canbe usedin a context expectingT, but the exact type is hidden. Partially abstracttypesare
usefulin providing objectinterfacesfor abstracttypes.

3.2 Object-oriented programming

Oneof thegoalsof object-orientedprogrammingis tosupportopensystemsandextensibility. In class-basedlanguages
like C++ [47] or Java [17], for instance,onecanaddto themethodsof objectsusingsubclasses;partsof theprogram
thatmanipulateobjectsof thesuperclassstill work for objectsof thesubclass.ML2000 includesobjectsandclasses
alsoto makesystemsmoreextensible,but objectsandclassesin ML2000havesomeratherdistinctivecharacteristics.

Objecttypesexist independentlyfrom classesin ML2000; this givesadditionalflexibility to piecesof codethat
dependonly onthesignature,andnot theparticularclassfrom whichanobjectis generated.Objecttypesaredeclared
throughdefinitionslike

objtype window = {
field position : int * int
meth verticalSplit : int -> window * window }

wherethe form of the declarationresemblesthat found in MOBY [15]. This definesa recursive object type called
window with onefield andonemethod;theorderof fieldsandmethodsis unimportant.A subtypeof windowswith
borderscanbedefinedby
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objtype borderwin = {
field position : int * int
field borderSize : int
meth verticalSplit : int -> borderwin * borderwin }

Objecttypesfollow a structuralsubtypingdiscipline. Both width subtyping(longerobjecttypesaresubtypesof
shorterobjecttypes)anddepthsubtyping(the typesof correspondingmethodsandimmutablefieldsof objecttypes
arein the subtyperelation)arepermitted. So, for example,the above type borderwin is a subtypeof window ;
it is a width subtypebecauseit hasthe additionalbordersize field, andit is a depthsubtypebecausethe return
typeof theverticalSplit methodhasbeenspecialized.Theuseof structuralsubtypingdiffersfrom Java,which
usesasubtypingorderfixedby classimplementors.In Java, interfacesaretheclosestanalogueof objecttypes,but an
interfaceA denotesa subtypeof B in Javaonly if it hasbeendeclaredto extendB [17].

Theclasssystemof ML2000, in contrast,hasnot beenworkedout asfully asobjecttypes;classesarediscussed
below in Section4.

3.3 Modules

ML2000 includesa modulesystembasedon SML’s with two main improvements.Thefirst addressestheshortcom-
ings of SML with respectto separatecompilation. In SML, the typing informationknown abouta structureis not
expressibleasasource-languagesignature;precisemoduleinterfacescanonly bederivedfrom their implementations.
In ML2000, theprincipalsignature(theonefrom which all othersignaturesmaybederived)of every moduleis ex-
pressiblewithin thesourcelanguage;somerestrictionon thesourcelanguage(suchasrequiringsignatureannotations
onmodulebindings)seemsto berequired.

A secondimprovementis the additionof higher-ordermodules.In a higher-ordermodulesystem,functorscan
serve asfunctorarguments,functor results,andstructurecomponents.The precisesemanticsfor suchhigher-order
moduleshasbeen,however, a subjectof muchdebate.Thesemanticsof MacQueenandTofte [30] naturallyextends
SML behavior andtheSML Definition, but it doesnot have a type-theoreticallydefinedequationaltheoryon types.
Conversely, the systemsof manifesttypes[25] andtranslucentsums[20, 27] have thedesiredtype-theoreticflavor,
but in the higher-ordercasemaypropagatefewer typeequalitiesthanonemight expect. The extensionof manifest
typesto applicative functors[26] appearsto recover theseequationsbut makesevenfewer distinctionsthatSML or
the MacQueen-Tofte semantics.Althoughversionsof higher-ordermoduleshave beenimplementedin the SML of
New Jersey andObjectiveCamlcompilers,it is still notclearin practicethattherearemany compellingexamplesfor
higher-ordermodules.Indeed,someusesof higher-ordermodulescanbereplacedby usesof a separatecompilation
facility suchasCM [5]. For thesereasons,theexactflavor of higher-ordermoduleshasnotbeendeterminedyet.

3.4 Concurrency

While existingML implementationshaveoneor morelibrariesfor concurrentprogramming[8, 11, 41], noneof these
tightly integratesconcurrency into thesyntax,semantics,andimplementationof the language.ML2000, in contrast,
integratessupportfor concurrency into all aspectsof thelanguage.

ML2000 hasthe notion of independentthreadsof control and supportfor first-classsynchronousoperations.
First-classsynchronousoperationswere first introducedin PegasusML [40] and were refinedin ConcurrentML
(CML) [41]. For themostpart,ML2000 follows thedesignof CML. It providesaneventtypeconstructorfor repre-
sentingsynchronousvaluesandthesamesetof combinatorsfor constructingnew eventvaluesfrom existing ones.It
does,however, provideadifferentsetof baseeventconstructors:unlikeCML, ML2000doesnotprovideoutputevent
constructorsfor channelcommunication(i.e., rendezvouscommunication).Instead,channelsarebufferedandsend
operationsarenon-blocking,makingimplementationsonmultiprocessorspossible.

In addition to channels,ML2000 also provides synchronousmemory in the form of I-structures[2] and M-
structures[3]. Thesemanticsof ML2000 mustalsospecifythebehavior of unsynchronizedusesof sharedmemory.
Suchbehavior is noteasyto specify:aninterleavingsemantics,suchasthosefor CML [4, 42], requiressequentialcon-
sistency, but sequentialconsistency imposesasignificantimplementationcostonmodernmultiprocessors.Therefore,
we needa weaker model,suchasreleaseconsistency [16], for ML2000, andmustspecifythe memoryconsistency
modelasa globalpropertyof programtraces.
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3.5 Other enhancements

3.5.1 Extensibletype

TheML2000extensibletypeis anew featureusefulfor creatinguser-controlled,hierarchicaltaggingschemes.These
tagsmaybeusedfor exceptionvalues,asin SML, aswell asfor taggingobjectsto supportrun-timedispatchandsafe
downcasting.

Thedeclarationform

exttype io = IO of string
exttype read extends io = Read of string
exttype write extends io = Write of string

declaresa new constructorIO of type io carryingvaluesof typestring , andsubtypesread andwrite . Other
type-constructorpairscanbedefinedassubtypesof io , read , or write , yieldinga treeof exceptionsrootedat io .

Thepatternmatchingsucceedsif theraisedexceptionis asub-exceptionof thepatternin thehandle.Thisbehavior
is similar to exceptionsin Java or CommonLISP, exceptthat thereis no requirementthat exceptionscarry objects.
For example,valuesof typeread or asubtypematchthepattern(Read s) ; valuesof typeio or asubtype(includ-
ing valuesof typewrite ) matchthepattern(IO s) , andall otherexceptionswill matchneither. In this way, the
programmercanhandlemany differentkindsof exceptions(e.g.,all arithmeticexceptions)withouthaving to exhaus-
tively list theknown possibilitiesor catcheveryexception,andallowsa programto beextendedwith new variantsof
exceptionswhile preservingold code.

Theextensibletypecanalsobeusedto tagvaluesandprovide a notionof namedsubtypinginsteadof structural
subtyping. Suppose,for instance,that borderwin is a subtypeof window andboth window andborderwin
areobject types. If we want, say, to distinguishobjectsof thesetypesin heterogeneouscollections,we cancreate
extensibletypes

exttype win = Win of window
exttype bwin extends win = BWin of borderwin

and createour heterogeneouscollection to be a group of taggedobjectsof type textwin . One can then safely
downcastusingpatternmatching:

case obj of
BWin (w : borderwin) => ...

| Win (w : window) => ...
end

In effect, theextensibletypegivestheprogrammertheability to definea typecaseor classcaseconstruct,muchlike
thatprovidedin Java [17] or otherobject-orientedlanguages.

The formal typerulesof the extensibletype follow thoseof ObjectML [44], without thecloseassociationwith
objects. For soundness,the valuecarriedby sub-constructorsmustbe a subtypeof the valuecarriedby the parent
constructor.

3.5.2 Datatypes

Datatypesandpatternmatchingaresomeof themostusefulfeaturesin ML, andthey area partof ML2000 aswell.
Therearetwo maindifferences,though,betweendatatypesin ML andML2000.

Thefirst differenceis familiar from Prolog:thereis anenforceable,syntacticdistinctionbetweenconstructorsand
variables.This distinctionpreventscertainprogrammingerrorsandmakesimplementationssimpler[1]. It already
occursin ObjectiveCaml,Haskell [24], andMOBY [15].

Theseconddifferenceis thatdatatypesno longerdefineabstracttypes(that is, they areno longer“generative”).
Type-theoretically, adatatypedeclarationis simplya definitionof a recursivesumtype,with theassociatedinjections
andpattern-matchingmechanism.In contrastto SML, two definitionsof thesamedatatypebind equaltypes,just as
two equalobjtype definitionsbindthesametype,or two equaltype definitionsbindthesametype.Abstracttypes
thenarecreatedby signatureascriptionin themodulesystem(i.e.,by :> in SML’97 [34]).
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3.5.3 Laziness

ML2000is acall-by-valuelanguage.Nevertheless,therearetimeswhenlazydatatypes,thegeneralizationof streams,
canproveusefulin programs.Therearethreeknown methodsof incorporatinglazy datatypesandfunctionson those
datatypesin a strict language,one found in CAML [31, 50], one due to Okasaki,and one to Wadler, Taha,and
MacQueen[49]. Thelastvarianthasbeenimplementedin experimentalversionsof SML of New Jersey. Oneof these,
or possiblya clean-slatedesign,will beincludedin ML2000.

3.5.4 First-classPolymorphism

ML providespolymorphicvaluesvia a let construct,wherepolymorphicquantificationis inferred.For example,in
theSML expression

let fun f x = x
in (f true, f 0)
end

the type inferredfor f is [’a] ’a -> ’a , andit canthereforebeappliedto valuesof typebool andint . The
quantificationimplicitly appearsat the outermostlayer of the type (the prenex restriction). ML2000, in contrast,
requirestheuseof anexplicit bindingform for polymorphicfunctions,via a declarationlike

fun f [’a] (x:’a) = x

This form of declarationis allowed,althoughnot required,in SML’97 [34]. Theexplicit typeabstractionin ML2000
alsopermitstheuseof nonregularrecursive types,which hasusesin theconstructionof purelyfunctional,persistent
datastructures[36].

Onceexplicit typeabstractionis part of the language,it seemsreasonableto allow non-prenex quantifiedtypes,
e.g.,([’a] ’a -> ’a) -> int . Suchtypesareuseful,for instance,in Haskell [24], andin building recordsof
polymorphicfunctions,andhave beenaddedin clever waysto languageswith type inference[35]. No decisionhas
beenmade,however, whetherto includesuchtypes.

3.5.5 Tuplesand records

SML recordshave a fixednumberof namedfields,whosevaluesmaybespecifiedin any order. Tuplesarea special
caseof records.Both tuplesandrecordsareusedin functionstakingmultipleargumentsor returningmultiple results.
Recordargumentshavea dualusein simulatingcall-by-keyword. For thesetwo purposes,it seemsdesirableto allow
recordcomponentsto bespecifiedin any order, andto allow very efficient implementations.In fact,bothtuplesand
recordsin SML mayberepresentedin a flat datastructurewith constant-timeaccessto thecomponents.

Thedesignchoicesfor recordsandtuplesbecomewider in a languagewith structuralsubtyping.Onepossibility
is to simply mimic SML, andhave no structuralsubtypingon recordsor tuples. This possibility, however, limits
potentialinterestingusesof recordsor tuples. For example,onemight want to extendthe above exampleof input-
outputexceptionswith

exttype io = IO of {error:string}
exttype read extends io = Read of {error:string,file:string}

with thevaluescarriedby theexceptionsin thesubtyperelation,sothatmorespecificexceptionscarrymoreinforma-
tion.

Anotherpossibility for ML2000 is to have threedifferentforms, in orderof implementationcostanddecreased
efficiency of access:ordinarytuplesor recordswith no width subtyping,recordswith prefix subtyping(whereno
reorderingof fieldsis permitted),andrecordswith widthsubtyping.Any of theseformsmightsupportdepthsubtyping,
mutablefields,or pointerequality. For thesakeof reducingthecomplexity of thelanguage,it is probablybesttochoose
two or threeof thepossibledesigns,andmake the implementationsasefficient aspossible.Thechoiceis a difficult
issueof pragmatics,andexperimentationis neededto seewhichchoicesareworthwhile.
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3.5.6 Arithmetic

The1990definitionof SML severelyrestrictsthe implementationof arithmetic: it definesa numberof differentex-
ceptionsthatcanberaisedby variousoperations,eachsignifying“overflow” or “divide-by-zero”errors.For instance,
anoverflow during thecomputationof (1 + x) raisesthe Sumexception,whereasanoverflow during (2 * x)
raisestheProd exception.Interestingreorderingsof computationsareprohibited,andmostimplementationsdid not
implementthestandard.To avoid theseproblems,the1997definitionof SML hasonly oneexceptionfor overflow and
onefor divide-by-zero.

ML2000 makesfurtherstepsin simplifying arithmetic.Integercomputationsin ML2000 areperformedin two’s-
complementform with “wraparound”(nooverflow exceptionsoccur),andmoreoverreturnvaluesthatmatchstandard
sizesof integersin languageslike C andJava. This allows evenmoreaggressive optimizations,andensuresbetter
interoperabilitywith operatingsystemsandother languageslike C. Of course,the programmermustbe careful to
ensurethatcomputationsdo not overflow, or thatoverflows do not affect thecorrectnessof computations.ML2000
will alsoprovide arbitraryprecisionintegers,andpossiblyotherintegertypesor operationswith overflow detection,
in its library.

3.6 Featuresnot found in ML2000

Every languagemustlimit thenumberof primitives. ML2000 will not containthe following features—eventhough
they canbeusefulin othercontexts—becausethey do not interactwell with therestof thelanguage,violatesomeof
thedesignprinciples,or simplydonot increasetheexpressivity of thelanguagethatmuch.Someof thesefeaturesare

Genericequality Equalitytestsfor valuesof basetypeis indispensable,andpointerequalityof mutablestructureslike
arraysandreferencesis useful.Thegenericequalitymechanismsin SML, however, aredifficult to understand
andareoftenthewrongequalityondatastructures.

Themaindifficult in understandingcomesfrom equalitytypevariables.For instance,in SML, onecandeclare
a function

fun equalToBit (x,y) = if x=y then 0 else 1

with the inferredtype (’’a * ’’a) -> int . Thedoublequotesareusedto flag the fact thatany instan-
tiation of the type variable’’a mustbe a type that permitsequality: integers,strings,characters,or lists or
datatypesbuilt from equalitytypesalone.Unfortunately, typeswith equalitytypevariablesmustoftenbeprop-
agatedinto signatures,often in placeswhereequality type variablesmight not be necessary[1]. They also
noticeablycomplicatethesemanticsof thelanguage.

Genericequalityis alsorarelyusefuloncomplex datastructures.For instance,theequalityoperationonsetsof
integersimplementedaslists is not thesameasthestructuralequalityon lists. ML2000 thusdoesnot have a
genericequalityfunction,equalitytypevariables,or eqtype declarations.

Imperati ve type variables LikeSML’97 [34], imperativetypevariablesarenotapartof ML2000. Thevaluerestric-
tion of SML’97—theonly polymorphicentitiesarethosethatcauseno obvioussideeffects—mayor maynot
bea partof ML2000. If type abstractionyields expressionswith no sideeffects—thatis, suspendscomputa-
tion [19]—thereis noneedfor thevaluerestriction.

Infix declarations ML2000 doesnot includesupportfor infix identifiers. Infix identifiersbecometoo complicated
in a module-basedlanguage,whenonemustdeclarefixity in modules;moreover, infix identifiershavedubious
utility in building largeprograms[29].

Abstype In SML, the “abstype”mechanismgivesa way to constructabstractdatatypes. Sincesuchabstracttypes
canbebuilt in themodulesystem,weomit this featurefrom ML2000.
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4 Decisionsleft to bemade

4.1 Type inference

Supportfor subtypingforcesa radicalchangein the type system,andmakesaggressive type inferencelesspalat-
able. Type inferenceaswell becomesmuchmorecomplicated,both algorithmically—typeinferencewithout let
is PSPACE-hard[23, 28]—and in the informationgivenbackto programmers[12, 38]. At themoment,Pierceand
Turner’s local type inference[37], itself basedpartly on Cardelli’s ideasfrom Quest[7], appearsto bethebesthope
for incorporatingtypeinferencein ML2000. Local typeinferenceappearsto beunderstandableandpredictable.Both
aspectsareessentialin explainingthelanguageto beginningprogrammers:it wouldbebestto avoid, if atall possible,
complicatedalgorithmsproducingtypeswith many quantifiedbounds.

Onepossibility is to make type inferenceinto an implementationor programmingenvironmentissueratherthan
specifyinga particularinferencetechnique.For portability betweendifferentimplementations,an exchange format
mustbedefined(presumablymostlyor completelyannotatedsourcecode).A goodprogrammingenvironmentcould
thenelideor show thesetypesasdesired.

4.2 Subtyping and type constructors

SinceML2000hassubtyping,it couldalsohave morecomplex typeconstructors(functionsmappingtypesto types).
In parallelwith term-level boundedquantificationthelanguagecouldallow boundedquantificationfor thearguments
of typeconstructors:

type [’a <: T] t = ...

Similarly, onemight defineanabstracttype ’a bag representinga (functional)collectiontypeandwantcovariant
subtypingbehavior, where(t 1 bag ) is a subtypeof t 2 bag whenever t 1 is a subtypeof t 2. This declarationis
only typesafefor implementationsof’a bag which usethetypevariable’a covariantly. Thereforeonemight want
to annotateabstracttypeconstructorspecificationswith polarity informationto specifythevarianceof abstracttype
constructors.

This maycomplicatethemetatheoryconsiderably, andit is not clearyet how importantthis is in practice.If this
is not includedin ML2000 thenabstracttypeconstructorswould all beconsideredinvariant.Typeconstructorswith
known definitions(includingdatatypesandparameterizedobjecttypes)would subtypeaccordingto thevarianceof
theirdefinitions.

4.3 Other object facilities

Therearetwo pointsof view oncloningandfunctionalupdateof objects(creatingcopiesof objectswith updatedfield
values).In a value-orientedprogramminglanguagebasedon ML, onemightexpecttheseoperations,andthey canbe
usefulin programs.Indeed,ML2000objectmethodscanreturnobjects,e.g.,by callingaconstructorof theenclosing
class.However, genericoperationsfor cloningor functionalupdateof objects,like thosesuppliedin ObjectiveCaml,
havethepotentialto breakglobalinvariantsdeterminedby anobject’screator. For example,wemightwanttomaintain
a list of all objectscreatedfrom a certainclassor a certainfunction(e.g.,soa messagecanbebroadcastto all such
objects);objectcopying operationswouldallow this invariantto beviolated.If thereis nofunctionalupdateor cloning
in thelanguage,thenselftype ormytype (atypevariablewhichin objecttypesrepresentsthetypeof theenclosing
object)becomelessuseful. Eliminatingcloningandfunctionalupdatealsosimplifiesthesemanticsof the language.
We haveyet to determinewhetheror not to includefunctionalupdateor cloningin ML2000.

ML2000 providesno mechanismfor downcastingor typecaseon arbitraryobjects,asthis would allow clientsof
modulesto breaktypeabstraction.Thehierarchicaltaggingmechanismdescribedin Section3.5.1allows objectsto
beexplicitly taggedin a fashionsupportingsafedowncasting.

4.4 Classes

Classesin conventionalobject-orientedlanguagesprovide a numberof facilities combinedinto a singleconstruct.
They provide repositoriesfor code,a mechanismfor inheritance,a explicitly declaredsubtypinghierarchyon object
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types,accesscontrol (e.g., public , private , and protected members),and constructorsto createobjects.
Classesmayalsoenforceinvariantsabouttheobjectsthey create.

An obviousquestionis whetherclassesarenecessaryin a languagelike ML2000. Namespacemanagement,code
encapsulation,andaccesscontrol,for example,arealreadyprovidedfor by themodulesystem.ML2000hasstructural
ratherthanby-namesubtyping.Objectconstructorscouldsimplybefunctionswhich returnobjects.

Themodelof user-programmedclasseswasexaminedin thecontext of ObjectML [43]. Thisapproachis possible,
but inconvenient;it involvessubstantialprogrammeroverheadandmay be difficult to compileefficiently. Another
approachexploredby Vouillon [48] extendsthemodulesystemto incorporateclasses;thatapproachmakesfunctors
into moredynamicentities,whichchangesthecharacterof themodulesystem.

For convenience,therefore,ML2000 will have a modestclassmechanismto supportconvenientobject-oriented
programmingwhile minimizing theamountof new mechanisminvolved. The MOBY [15] andObjective Caml [39]
classmechanismsprovide exampleof this approach.Both provideclassmechanismsfor codeinheritanceandobject
creation. Both take advantageof the modulesystemto provide functionality. For example,parameterizedclasses
canbeimplementedusingfunctors.Thesemanticsof MOBY alsousesstandardnotionsof modulesandsubsumption
to model componentaccessrestrictions(e.g., private and friend ), using ideasfrom the study of extensible
objects[13, 45]. Java or C++-styleoverloadingof methods(multiplemethodsof thesamenamewith differenttypes)
will notbea partof theclassmechanism.

Oneof themoreinterestingusesof classesandmodulestogetheris a simulationof final classes.In Java, a final
classis one that may not have any subclasses.In other words, final classespermit only object construction,not
inheritance.We canachievethesameeffectusingamoduleandpartialtypeabstraction,e.g.,

module Final =
struct

objtype S extends T with { ... }
class Foo { ... (* implements objects of type S *) ... }
fun sConstruct (...) { ... (* returns object of class Foo *) ... }

end

wherewerestrictthemoduleto asignatureof theform

signature FINAL =
sig

type S <: T
val sConstruct : (...) -> S

end

Thus,thesignaturehidestheclasssothatno inheritanceis possible.Dueto thepartialabstraction,no otherclasscan
createobjectsof typeS either, sotheconceptof final classescanbefaithfully andsimplymodelled.

5 Conclusions

We have outlinedthe methodology, potentialdesignspace,andcurrentdecisionsandrationalefor ML2000, anda
numberof yet unresolvedproblems.Partsof theproposalmaychange,but wehaveconfidencein thebroadoutline.

Oncesometentative decisionshave beenmadefor theunresolvedareas,thedesignwill entera phaseof concrete
syntaxdesign,constructionof a formaldefinition(typesystemandoperationalsemantics),andexperimentationwith
implementationsandprograms.We expectthesepiecesto affectoneother:for instance,concretesyntaxdesigninflu-
ences,andmustbeinfluencedby, theformaldefinitionandexperiencein programmingwith ML2000. Fortunately, the
toolsandtechniquesfor thesepiecesalreadyexist: formaldefinitiontechniquesexist in thedefinitionof SML [34] and
in type-theoreticsemantics[10, 22], andconcretesyntaxandimplementationscanborrow ideasfrom SML, Objective
Caml,andMOBY.

Much of whatwe have learnedgoesbeyondthedesignof the language.In theoriginal ML2000 Manifestofrom
1992,theoriginalmembersof theworkinggroupwrotethat

TheML2000 projectis largely a consolidationeffort, incorporatingrecentresearchresultsandinsights.
This is notanopen-endedresearchprogram.

9



More precisely, at thattime it wasthoughtthat thestateof researchin typetheoryandlanguageimplementationwas
sufficiently advancedto improve ML. It hastaken the group longer thananticipated,partly becausewe pursueda
moreaggressive designinvolving object-orientedfeatures,andpartly becausea full considerationof the interactions
amonglanguagefeaturesrequiresmorework thanjustconsolidation.Nevertheless,theeffort hassparkedanumberof
researchprojects(despitetheoriginalgoal)anda substantialrevisionof StandardML[34]. We hopethattheeventual
designwill beassuccessful.
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